A strong candidate gene for schizophrenia and major mental disorders, disrupted-inschizophrenia 1 (DISC1) was first described in a large Scottish family in which a balanced chromosomal translocation segregates with schizophrenia and other psychiatric illnesses. The translocation mutation may result in loss of DISC1 function via haploinsufficiency or dominant-negative effects of a predicted mutant DISC1 truncated protein product. DISC1 has been implicated in neurodevelopment, including maturation of the cerebral cortex. To evaluate the neuronal and behavioral effects of mutant DISC1, the Tet-off system under the regulation of the CAMKII promoter was used to generate transgenic mice with inducible expression of mutant human DISC1 (hDISC1) limited to forebrain regions, including cerebral cortex, hippocampus and striatum. Expression of mutant hDISC1 was not associated with gross neurodevelopmental abnormalities, but led to a mild enlargement of the lateral ventricles and attenuation of neurite outgrowth in primary cortical neurons. These morphological changes were associated with decreased protein levels of endogenous mouse DISC1, LIS1 and SNAP-25. Compared to their sex-matched littermate controls, mutant hDISC1 transgenic male mice exhibited spontaneous hyperactivity in the open field and alterations in social interaction, and transgenic female mice showed deficient spatial memory. The results show that the neuronal and behavioral effects of mutant hDISC1 are consistent with a dominant-negative mechanism, and are similar to some features of schizophrenia. The present mouse model may facilitate the study of aspects of the pathogenesis of schizophrenia.
Introduction
Schizophrenia is a devastating psychiatric illness whose symptoms can be divided into three main categories: psychotic or 'positive' symptoms, 'negative' symptoms, and cognitive impairment. 1, 2 There are gender differences in age of onset and clinical features. 3, 4 Numerous genetic linkage and association studies have identified regions of the genome that may harbor schizophrenia risk genes, but the complex genetics and symptomatology of the disease have impeded efforts to identify clear genetic determinants. 5, 6 An alternative approach is to study families in which schizophrenia and allied psychiatric disorders segregate with cytogenetic abnormalities. 7 In these families, a single major genetic defect could confer susceptibility to psychiatric illnesses. One large Scottish pedigree was identified, 8 in which a balanced (1:11) (q42.1; q14.3) translocation co-segregates with major psychiatric disorders (LOD scores = 4-7). The translocation disrupts a gene termed disrupted-in-schizophrenia 1 (DISC1) on chromosome 1. 5, 7, 9 Linkage and association at the DISC1 locus have been demonstrated for psychiatric illness in several populations, [10] [11] [12] [13] [14] [15] [16] [17] suggesting wider relevance of DISC1.
Endogenous expression of DISC1 is complex, with the several isoforms of the protein occupying differ-ent sub-cellular compartments. DISC1 is expressed in the hippocampal dentate gyrus, cerebral cortex, hypothalamus, amygdala, cerebellum and olfactory bulbs. [18] [19] [20] DISC1 protein likely acts as a scaffold protein, with multiple motifs mediating binding to several proteins and facilitating formation of protein complexes. [21] [22] [23] [24] The DISC1 protein interactors include microtubule-interacting protein associated with tumor necrosis factor receptor associated factor-3, microtubule-associated protein 1A, 23 fasciculation and elongation protein zeta-1 25 and NudE-like (NUDEL) protein. 21, 23 DISC1 has been suggested to exist in a neurodevelopmentally regulated protein complex with NUDEL and LIS1. 26, 27 DISC1-NUDEL-LIS1 interaction has been implicated in neurite outgrowth in PC12 cells and axon elongation in primary neurons. [28] [29] [30] In addition, alterations in the interaction of DISC1 with phosphodiesterase 4B have been suggested to contribute to the pathogenesis of major mental disorders. 31 Possible outcomes of the translocation in the DISC1 gene include haploinsufficiency or the production of a mutant-truncated DISC1 protein. Haploinsufficiency has been proposed owing to the decreased expression of full-length DISC1 and the failure to detect mutant DISC1 in lymphoblastoid cell lines derived from the patients. 31 However, the available data do not completely rule out the production of mutant DISC1. It is uncertain to what extent lymphoblast expression mirrors brain expression. In addition, specificity and/or sensitivity of the antibodies used may have been insufficient to detect mutant DISC1 or distinguish it from other DISC1 isoforms. 32 Thus, the exact result of the translocation still remains unclear. There is ample precedent for the production of abnormal proteins as a result of chromosomal translocations, and their role in the etiology of cancer. Most of these translocations result in the production of fusion proteins between two gene products, but in some cases, for instance with notch, translocations can result in the production of abnormal-truncated proteins. 33 The truncated human DISC1 (hDISC1), if present, may lose its normal localization and association with interacting proteins. For instance, the truncated protein product would be missing the region required for interaction with NUDEL. 21, 23 Since the mutant protein associates with full-length DISC1, the cellular effects of the mutant DISC1 have been proposed to be mediated via dominant-negative mechanisms. 24, 34 For example, mutant DISC1 disrupts formation of the DISC1-NUDEL-LIS1 protein complex, leading to abnormalities in neuronal migration, decreased complexity of dendrite arbors and neurite outgrowth, reminiscent of the findings from postmortem schizophrenia brain samples. [35] [36] [37] Importantly, the effects of mutant DISC1 have been demonstrated to be similar to those observed after suppression of endogenous DISC1 with RNAi that mimics haploinsufficiency. 34 Thus, it has been postulated that both dominant negative and haploinsufficiency mechanisms could perturb similar DISC1-interacting proteins complexes, leading to loss of function of DISC1, a likely outcome of the translocation. 38, 39 In this context, studying effects of mutant DISC1 on neurodevelopment can provide valuable mechanistic insights into the human condition and the pathogenesis of schizophrenia and related disorders.
Here, we present the results of characterization of a new transgenic mouse model using inducible expression of mutant hDISC1 restricted to forebrain areas. Our data demonstrate that expression of mutant hDISC1 led to sex-dependent elevated spontaneous activity, impaired spatial reference memory and abnormal social interaction in transgenic mice. The observed behavioral abnormalities were associated with attenuated neurite outgrowth and a mild enlargement of lateral ventricles. There was decreased expression of endogenous mouse DISC1, LIS1 and SNAP-25. The present mouse model can serve as a valuable experimental system for future studies of the pathogenic mechanisms of schizophrenia and allied mental diseases.
Materials and methods

Generation of inducible mouse lines
The Tet-off double transgenic system (Clontech, Palo Alto, CA, USA) was used to generate a mouse model of inducible expression of mutant hDISC1 (Figure 1 ). In order to generate a responder line (that is, single hDISC1 transgenic mice), cDNAs (1971 bps) for mutant hDISC1 were sub-cloned in the response plasmids that express a gene of interest under the control of the tetracycline-response element (TRE) located upstream of the minimal CMV promoter (P min CMV) (Figure 1 ). Expression of mutant hDISC1 occurs when tetracycline-transactivator (tTA) binds to TRE and activates the CMV promoter. Doxycycline (DOX) added to mouse food binds to tTA and prevents tTA from biding to TRE, leading to suppression of transcription of hDISC1. Mutant hDISC1 protein is expressed as a protein fused to the myc peptide used as a tag. The amino-acid sequence of the mutant hDISC1 can be found in Taylor et al. 40 The myc is placed upstream of the N terminus of hDISC1 to provide a reliable marker for detecting hDISC1 proteins with anti-myc monoclonal antibodies (MAB) (Roche Diagnostics, Indianapolis, IN, USA).
The construct plasmids were digested and submitted to the JHU Transgenic Core facility for pronuclear injections into B6;SJL mouse cells that were then placed into pseudo-pregnant mice of the ICR strain (Taconic, Hudson, NY, USA). Single DISC1 transgenic mice were identified by a standard genotypic protocol. The identified B6;SJL-Tg(TRE-CMVhDISC1) founders were bred with single transgenic B6;CBA-Tg(Camk2a-tTA)1Mmay/j mice (The Jackson Laboratory, Bar Harbor, ME, USA) to generate double transgenic mice of the hybrid B6;SJL;CBA background. Forebrain-restricted inducible expression of mutant hDISC1 protein is achieved because single transgenic B6;CBA-Tg(Camk2a-tTA)1Mmay/j mice express tTA driven by the calcium-calmodulindependent kinase II-a (CAMKII) promoter which yields a predominant expression of the transgene in forebrain neurons. 41 In the present study, double transgenic mutant hDISC1 mice were included in the mutant group, whereas their single tTA transgenic littermates were included in the control group. We have chosen tTA mice as control animals because this line of mice expresses a regulatory protein (that is, tTA) that can potentially affect mouse brain and behavior development. For example, the available data have suggested that tTA mice differ from wild-type mice of the same strain in a number of behavioral tests, including exploration in the open field and anxiety levels in the light-dark box. 42, 43 In contrast, our pilot experiments showed no expression mutant hDISC1 in single DISC1 transgenic mice and no significant differences between wild-type mice and single DISC1 transgenic mice in the behavioral tests or neurite outgrowth assays in primary neurons (Supplementary Figures S1 and S2, Supplemental Materials and Figures, online) . Thus, double transgenic mutant hDISC1 (mutant) and single transgenic tTA (control) mice were studied in the present work.
The offspring of mating pairs were weaned on postnatal day (PND) 21, genotyped and housed in sexmatched groups of five in standard mouse cages in accordance with the JHU ACUC guidelines.
Antibodies
Anti-mouse DISC1 anti-peptide antibody (N3) raised against amino acids (aa) 176-184 of the mouse sequence 40 was synthesized and purified by Spring Valley Laboratories Inc. (Woodbine, MD, USA) as previously described. 32 Other antibodies used were monoclonal to myc (Roche Diagnostics, Indianapolis, IN, USA), to LIS1, SNAP-25 (Sigma, St Louis, MO, USA), to PSD-95 (Affinity BioReagents, Golden, CO, USA), rabbit polyclonal to Ndel1 (Abcam, UK), chicken anti-microtubule-associated protein 2 (MAP2) polyclonal antibody, rabbit anti-glial fibrillary acidic protein (GFAP), and anti-IBa1 antibody (Chemicon, Temecula, CA, USA).
Western blot assays
For this assay, mice were killed at PND 7 and 21, and at 9 months (after the completion of the behavioral tests) to reflect the major milestones in postnatal mouse brain development. [44] [45] [46] Forebrain regions, including frontal cortex, hippocampus and striatum, were quickly dissected out in ice-cold phosphate buffered saline (PBS), frozen on dry ice and kept at À80 1C until used. Brain tissue was homogenized in 10 parts of the buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, Complete protein inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA), 1% sodium dodecyl sulfate (SDS), 0.5% DOC), sonicated and centrifuged at 10 000 g for 10 min. The supernatants were collected for BCA (bicinchoninic acid) protein assay (Pierce Biotechnology Inc., Rockford, IL, USA) or boiled for 5 min at 95 1C and combined with 4 Â LDS sample buffer (Invitrogen, Carlsbad, CA, USA). Before resolving on gels, samples were heated for 5 min at 70 1C and separated on 4-12% NuPAGE Novex Bis-Tris gels (Invitrogen), transferred onto nitrocellulose membrane (Schleicher and Schuell, Dassel, Germany) at 200 mA for 100-120 min. Membranes were blocked for 1 h at room temperature in TBS-0.1%Tween 20 containing 5% skimmed milk powder. Then, membranes were probed with antimyc antibody (1:1000), or anti-mouse DISC1 antibody (1:500), or anti-LIS1 antibody (1:1000), or anti-Ndel1 (1:1000), or anti-SNAP-25 antibody (1:5000 check), or anti-PSD-95 antibody (1:1000) for overnight at 4 1C. After washing in TBS-0.1% Tween-20 buffer, membranes were incubated for 1 h at RT with secondary anti-species peroxidase-conjugated antibody (1:10 000) (Amersham, Buckinghamshire, UK). Immunoreactive bands were detected by chemiluminescence and exposure to ECL films (Amersham). Films were digitally scanned and densitometric analysis of the western blot images with bands that were below the saturation of the film was performed with ImageJ software (WS Rasband, ImageJ, US National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/). The optical density of protein bands on each of digital images was normalized to the optical density of a loading control (glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1:100 000).
Immunoprecipitation HEK 293 cells were transfected with mutant hDISC1-Myc, full-length mouse DISC1-HA and GAPDH-HA plasmids using Lipofectamine according to the manufacturer's protocol (Invitrogen). After transfection (24 h), cells were lysed in a RIPA buffer (50 mM HEPES, pH = 7.4, 150 mM NaCl, 5 mM MgCl 2 , 5 mM DTT, 1 mM PMSF, 1 mM EDTA, 1% Triton X-100 and protease inhibitor mixture), and supernatant fractions obtained after centrifugation at 10 000 g for 15 min were incubated with primary antibodies and protein G Sepharose (GE Healthcare, Buckinghamshire, UK, 4 Fast Flow). The immunoprecipitates were analyzed with SDS-PAGE, followed by western blotting.
Primary cortical neuron cultures
Neuron-rich cultures were prepared from mouse cortices of embryonic day 16 (ED 16) using standard techniques. 47 Briefly, meninges-free cortices were isolated, trypsinized and mechanically dis- To quantitatively assess neurite complexity in neurons, Sholl analysis was used. 48 Concentric rings of increasing radius are centered on the cell body of the neuron, and the number of intersections of the neurite arbor with a given ring is plotted vs the ring radius. Each point on the plot represents the average of four independent cultures (at least 50 neurons per culture) prepared from separate control and mutant mouse embryos.
Histopathological and immunohistochemical assays
Upon completion of the behavioral experiments, control and mutant mice were euthanized with EUTHASOL (Diamond Animal Health Inc. Des Moines IA, USA) and perfused with ice-cold PBS (pH = 7.4) followed by 4% paraformaldehyde. Brains were removed, postfixed for 4 h, cryoprotected and cut sagittally in half. Brains were sagittally cut in 40-mm sections and saved in the cryoprotection medium at À20 1C until staining. Some sections were stained with cresyl violet to evaluate overall cyto-architectonics and layer formation in the mouse brains. In order to evaluate expression of mutant hDISC1 in different types of brain cells, brain sections were costained with rabbit anti-GFAP (1:800), or anti-Iba1 MAB (1:400) or anti-myc MAB followed by either FITC-conjugated or Cy3-conjugated secondary antibodies (1:200, Chemicon, Temecula, CA, USA). Images were viewed on Zeiss confocal microscope (Axioskop 2; LSM 5 PASCAL). Alternatively, some brain sections were stained by avidin-biotin immunohistochemistry (Vector, Burlingame, CA, USA) using anti-myc MAB followed by biotinylated antimouse Immunoglobulin G (IgG, Vector, Burlingame, CA, USA).
Magnetic resonance imaging (MRI)
Data acquisition. Live mice anesthetized by isoflurane were imaged with a 9.4 T nuclear magnetic resonance scanner (Bruker Biospin, Billerica, MA, USA). Fast-spin echo sequence was used for T 2 Image analysis. The images were processed using Amira (TGS, San Diego, CA, USA). The entire brain and the ventricles were manually delineated for each slice and their 3D volumes were measured. For visualization purpose, averaged brains were created for the control and mutant groups separately by normalizing the brains to a template (one representative animal in the control group) using the affine transformation. These averaged brains can show consistent anatomical differences between the two groups.
Behavioral tests Spontaneous locomotion. Spontaneous locomotion was analyzed using a Versamax Animal Activity Monitoring System with infrared beams (AccuScan Instruments Inc., Columbus, OH, USA) for 24 h with the dark period from 1800 to 0600.
Novelty-induced locomotion. Novelty-induced activity in the open field was assessed over a 60-min period using the activity chambers with infrared beams (San Diego Instruments Inc., San Diego, CA, USA). Horizontal and vertical activities, stereotypic activities, and time spent in the center or along the walls (thigmotaxis) of the chamber were automatically recorded.
Plus-maze test. Anxiety was evaluated in plus-maze test. A mouse was placed on the starting platform in the plus maze (San Diego Instruments Inc., San Diego, CA, USA) and mouse's behaviors were videotaped for 5 min. An experienced observed blind to the group's identity later scored the numbers of entries into the closed and open arms, time spent in the closed vs open arms, numbers of head dipping and stretching postures.
Acoustic startle response. Two identical startle chambers (San Diego Instruments Inc., San Diego, CA, USA) were used for measuring startle reactivity and plasticity. Each mouse was placed in a Plexiglas cylinder (2 cm in diameter) within each chamber. A loudspeaker mounted 24 cm above the cylinder provided the broadband background noise and acoustic stimuli. Presentations of the acoustic stimuli were controlled by the SR-LAB software and interface system, which also rectified, digitized and recorded responses from the accelerometer. The maximum voltages within 100-ms reading windows, starting at stimulus onset, were used as the measures of startle amplitudes. Sound levels were measured inside the startle cabinets by means of the digital sound level meter (Realistic, Tandy, Fort Worth, TX, USA). The accelerometer sensitivities within each startle chamber were calibrated regularly and were found to remain constant over the test period.
The experimental session consisted of a 5-min acclimatization period to a 70-dB background noise (continuous throughout the session), followed by the presentation of 10 40-ms 120-dB white noise stimuli at a 20-s inter-stimulus interval (the habituation session). Upon the completion of the habituation session, each mouse was left in the enclosure for 5 min without presentations of any startle stimuli. Immediately after, the pre-pulse inhibition (PPI) session was begun. During each PPI session, a mouse was exposed to the following types of trials: pulsealone trial (a 120-dB, 100-ms, broadband burst); the omission of stimuli (no-stimulus trial); and four prepulse-pulse combinations (pre-pulse-pulse trials) consisting of a 20-ms broadband burst used as a prepulse and presented 80 ms before the pulse using one of the four pre-pulse intensities: 74; 78; 82; 86 and 90 dB. Each session consisted of six presentations of each type of the trial presented in a pseudorandom order. PPI was assessed as the percentage scores of PPI (%PPI): 100 Â (mean startle amplitude on pulsealone trialsÀmean startle amplitude on prepulsepulse trials/mean startle amplitude on pulse-alone trials) for each animal separately. The percentage of PPI for each animal was used as the dependent variable in statistical analysis.
Olfactory tests. As mutant hDISC1 is expressed in neurons of the olfactory bulbs, olfaction in transgenic mice was evaluated using two olfaction tests. The first test measures the latency to finding a piece of cheese hidden (buried) in the cage bedding. No food deprivation was used in this test. The second test evaluates the mouse's ability to discriminate two scents. The test measures the time a mouse spent sniffing around the area that contains a preferable scent,for example, vanilla vs water. For this test, two drops of water or vanilla were placed in the opposite corners of a standard mouse cage along. A mouse was placed in the middle of the cage and the time spent at each side was measured.
Social interaction tests Dyadic male-male interaction in the unfamiliar open field. Male-male interaction was analyzed using the protocol described by Rodriguiz et al. 49 Briefly, before testing, male mice were housed individually for 4 days to increase social motivation. On the day of testing, one control mouse was paired with an unfamiliar mutant mouse in an activity chamber used in the open field test as described above. The chambers were cleaned prior and between each test with MB-10 solution and wiped dry. Both mice were simultaneously placed in the opposite sides of the cage that was divided into two sections by a solid cardboard partition. Following the 5-min acclimatization, the partition was removed and the animals were allowed to freely interact for 10 min. All mouse behaviors were videotaped. The following social behaviors were scored by an experienced observed blind to the genotype of the mice: sniffing, following, paws on head, attacks, bites and tail rattling.
Sociability and social preference test Sociability and social preference were assessed as described in. 50 Testing was performed in a standard mouse cage separated into three chambers by partitions, with the two large ones at each side and a smaller middle one. One large chamber contained a cylindrical wire-mesh enclosure with a live mouse. The opposite big chamber contained the same enclosure with an inanimate object. A control or mutant mouse was placed in the central smaller chamber and was allowed to habituate to the experimental environment for 5 min. Afterwards, the partitions were removed and we measured for 10 min the time the mouse spent exploring (that is, actively sniffing and/or staying within 1 cm) the enclosure with a live adult mouse of the same sex or the enclosure with the inanimate object. Social and nonsocial stimuli were varied among the chambers and the box was cleaned between the subjects. Time spent around each enclosure was automatically registered by a video tracking system 'SMART' (San Diego Instruments Inc., San Diego, CA, USA).
Morris water maze. Morris water maze (MWM) test was performed as previously described. 51 The maze consists of a circular stainless steel swim tank (72 cm in diameter and 15 cm deep) filled with water made opaque by the addition of non-toxic white latex powder paint. A small platform (5 cm square) was placed into the tank in one of four quadrants. The top of the platform was 1 cm below the surface of the water. The protocol consisted of three sessions. The first session was a visible-platform task in which the position of the platform was signaled by the presence of a visually conspicuous 'flag' above the platform. The platform location varies among four possible positions within each block of trials and animals are tested on three blocks of trials per day (a total of 12 trials) for 2 days. Blocks of trials were separated by 1 h. Twelve days after completion of the visibleplatform session mice were tested on the hiddenplatform version of the task (hidden-platform session). During this session, the platform was maintained in a fixed location. Animals received three blocks of trials for three consecutive days on the hidden-platform task. Animals were placed into the tank around the perimeter in one of four start positions that were used in a semi-random fashion throughout the four trials per block. Mice were allowed to search the tank for 60 s and allowed to remain on the platform for 30 s. If the platform was not located within 60 s, they were removed from the water and placed on the platform. Again, escape latencies were the dependent variable. On next day after the completion of the hidden-platform session, the test session was begun. In this session, the platform was removed and mice were placed in the middle of the tank and allowed to swim for 3 min.
Total time spent in different quadrants of the maze was measured. The target quadrant was identified as the quadrant where the hidden platform was previously located.
Statistical analysis
The effects of mutant hDISC1 on expression of various protein markers in the western blotting experiments were analyzed with Student's t-test or Wilcoxon non-parametric test, if normal distribution test failed, and the Bonferroni correction by adjusting the a-level depending on the number of markers measured. The effects of mutant hDISC1 on neurite outgrowth were evaluated using two-way repeated measures analysis of variance (ANOVA). The main effects of mutant hDISC1 on mouse behaviors were evaluated with a mixed model ANOVA, with the genetic background, sex and time of testing (if applicable) as independent variables. Significant effects were explored further with lower levels ANOVAs and/or post hoc comparisons. P < 0.05 was used for the significance level.
Results
Inducible forebrain-restricted expression of mutant hDISC1 in mice
The Tet-off system was used to generate double transgenic mice with inducible expression of mutant hDISC1 in forebrain areas (Figure 1a were used in the study since they produced double transgenic mice that had strong (line 1001) or weak (line 70) expression of mutant hDISC1. Here, we present only those effects of mutant hDISC1 which were consistent across the two lines.
Expression of mutant hDISC1 was detected as early as embryonic day (ED) 15 ( Figure 1c) . Early expression of mutant hDISC1 in this Tet-off system was not due to 'leaking' of the Tet-off system, as we were able to detect expression of mRNA encoding tTA as well (Figure 1d ). We also showed that the Tet-off system in our mice was functional since expression of mutant hDISC1 could be completely shut down 7 days after giving mice the DOX-containing food (Figure 1e ). Mutant hDISC1 protein was expressed in forebrain areas of the mouse brain and was absent in the hindbrain samples, including the cerebellum and brain stem (Figure 1c) . Expression of mutant hDISC1 was predominantly found in neurons of olfactory bulbs, frontal areas of the cortex, pyramidal neurons and granule cells of the hippocampus of CA and the striatum. No expression of the mutant protein was observed in neurons of the brainstem or the cerebellum ( Figure 2 ). As expected, neither astrocytes nor microglia expressed mutant hDISC1 (Figure 2) .
Collectively, the results demonstrate generation of a new mouse model of inducible forebrain-restricted and neuron-specific expressions of mutant hDISC1.
The neurodevelopmental effects of mutant hDISC1
Previous in vitro studies have demonstrated a role of DISC1 in neurodevelopment. 25, 26, 34 Thus, we evaluated the effects of mutant hDISC1 on mouse neurodevelopment. Expression of mutant hDISC1 was not associated with gross developmental defects in suckling mice or alterations in breeding and nesting behavior in adult mice. We found no differences in the body weight between the mutant hDISC1 double transgenic mice and their littermate controls ( Figure  3a) . Mutant hDISC1 expression produced no gross abnormalities in the brain morphology, layer formation and cyto-architecture of the cortex or hippocampus when assessed at PNDs 7, 21 or 80 (Figure 3b and data not shown). In contrast, mutant hDISC1 significantly increased the volume of the lateral ventricles in mice when measured in 9-month-old mice using MRI, P < 0.05 (Figure 4) . There was no effect of mutant hDISC1 on the total volume of the brain, P > 0.05 (data not shown). One of the possible causes of enlargement of the brain ventricles in the absence of any change in the total brain volume could be a decrease in the dendritic arborization in the cortex and hippocampus. Thus, the effects of mutant hDISC1 on dendritic morphology were evaluated using primary neuron cultures. Sholl analysis demonstrated significant attenuation of neurite complexity in primary cortical neurons harvested from mutant mice compared to primary neurons derived from littermate controls. Two-way repeated measures ANOVA indicated a significant effect of genetic background, F(1,116) = 8.7, P = 0.013, Sholl radius, F(8,116) = 291.5, P < 0.001 and the background by Sholl radius interaction, F(8,116) = 2.7, P = 0.012 ( Figure 5 ). Post hoc HolmSidak test showed that neurons from control mice grew more complex neurites than neurons from mutant mice for 20-100 mm-radius rings. Thus, expression of mutant hDISC1 was associated with significantly decreased complexity of neurite arbor in primary neurons and a significant enlargement of the lateral ventricles. The effects of mutant hDISC1 on synaptic markers and DISC1 interactors The available data indicate that DISC1 interacts with different groups of proteins that are involved in the molecular mechanisms of neuronal migration, axonal and dendrite formation and synaptogenesis. 36, 38, 52, 53 In order to evaluate the putative molecular effects of mutant hDISC1, we assessed protein levels of pre-(SNAP-25) and post-synaptic (PSD-95) markers and expression of endogenous mouse DISC1, LIS1 and NDEL1, the proteins that interact with DISC1. 21, 23 At PND 7, expression of mutant hDISC1 significantly decreased protein levels of endogenous mouse DISC1 and LIS1, P < 0.05, and protein levels of SNAP-25, P < 0.01, with no effects on expression of NDEL1 or PSD-95 ( Figure 6 ). The observed decrease in expression of the above proteins was no longer present in 21-day-old or 9-month-old mice (data not shown). In addition, our immunoprecipitation experiments showed that mutant hDISC1 could bind to full-length mouse DISC1 in vitro (Supplementary Figure S3 , Supplemental Materials and Figures, online) , suggesting that the observed effects could be mediated by dominant-negative effects of the mutant protein.
The behavioral effects of mutant hDISC1
We ran a series of behavioral tests to evaluate the effects of mutant hDISC1 on different domains of the mouse behavioral repertoire. The tests were run in adult mice between 4 and 9 months of age. No effects of expression of mutant hDISC1 on mouse behavior were found in the following tests: novelty-induced locomotion in the open field, anxiety levels measured in elevated plus maze, olfaction tests, or habituation and PPI of the acoustic startle response test (Supplementary Figure S4 , Supplemental Materials and Figures, online) . Figure 7a shows the data for spontaneous activity (horizontal locomotor activity) over a 22-h period in the double mutant hDISC1 transgenic mice compared to their single transgenic tTA littermates. The first 2 h of registration were not included in the analysis since they likely represent adaptive responses of mice to the novel environment. Two-way repeated measures ANOVA of the data for male mice showed significantly greater spontaneous locomotor activity in mutant mice (n = 8) compared to their respective controls (n = 7), a background effect, F(1,164) = 8.7, P < 0.05 and the background by time interaction, F(10,164) = 4.9, P < 0.05. Post hoc Holm-Sidak test indicated that mutant male mice were more active than control male mice during the dark period of testing, P < 0.05. In female mice, two-way repeated measures ANOVA of the data for female mice (n = 7 in each group) demonstrated no significant effect of background, F(1,153) = 1.4, P = 0.25, though, compared to control female mice, female mutant mice exhibited slightly higher activity at some time points (Figure 7a ). Male mutant mice spent significantly less time in social non-aggressive interaction with their partners as measured in the dyadic test. There significant differences between two groups in the total social interaction time, t = 2.3, d.f. = 25, P = 0.03 and the sniffing time, Mann-Whitney test, T = 210.5, n(small) = 12, n(big) = 15, P = 0.04. The observed decline in social activity was accompanied by increased aggressiveness in mutant male mice (Figure 7b ). There were significant differences between males of two groups in the number of attacks, Mann-Whitney test, T = 110, n(small) = 12, n(big) = 15, P = 0.005; in the number of bites, Mann-Whitney test, T = 119.5, n(small) = 12, n(big) = 15, P = 0.019 and the number of tail rattles, T = 129.0, n(small) = 12, n(big) = 15, P = 0.04. These alterations in social male-male interaction were not associated with changes in the tests of overall sociability or social preference in male mutant mice (Supplemental Materials and Figures, online) .
As strong expression of mutant hDISC1 was present in the hippocampus (Figure 5 ), MWM was used to evaluate the effects of mutant hDISC1 on spatial hippocampus-dependent learning and memory. We found no effects of mutant hDISC1 on the mouse's ability to learn the location of the platform during the visible or hidden-platform sessions (Figure 7c and data not shown for male mice). However, expression of mutant hDISC1 impaired spatial memory in the probe trial in female but not male mice. Two-way ANOVAs for the target quadrant demonstrated a significant effect of genetic background, F(1,27) = 10.2, P = 0.009; sex, F(1,27) = 14.9, P = 0.003 and the sex by background, F(1,27) = 7.54, P = 0.019. Post hoc Holm-Sidak test showed that, compared to that of control female mice, mutant female mice spent significantly less time in the target quadrant where the platform was located during the hidden-platform session, P < 0.05.
Discussion
We have generated a novel in vivo model of inducible expression of mutant hDISC1 in forebrain areas of the mouse brain. The present results demonstrate that prenatal expression of mutant hDISC1 in neurons of the cortex, hippocampus and striatum did not lead to gross developmental defects in mice, but produced attenuation of neurite outgrowth, and a mild enlargement of the lateral ventricles. The brain abnormalities were associated with decreased levels of endogenous mouse DISC1, LIS1 and SNAP-25 and with elevated spontaneous hyperactivity and alterations in social interaction in male mice and impaired spatial memory in female mice. Since expression of the transgene is under the control of the CAMKII promoter, the mutant protein, as expected, was detected in forebrain neurons but not in glial cells. 41 An important feature of the mouse model is inducible prenatal expression of mutant protein, allowing for future investigations of the timing of the effects of the protein on the neurodevelopmental phenotypes relevant to schizophrenia and associated diseases. The fact that we were able to detect expression of the mutant protein as early as ED15 is not inconsistent with the available data, indicating that the maximum activity of CAMKII promoter comes on the first two postnatal weeks. 41 In the double transgenic system, the prenatal activity of CAMKII promoter is itself a part of a transgene and thus may be regulated somewhat differently from the endogenous CAMKII promoter.
One potential weakness of the model is that mutant mice were bred on a complex hybrid B6;SJL;CBA background, which may increase phenotypic variability. However, the robust effects of mutant hDISC1 are clearly apparent, making possible initial studies until congenic lines are available. Nonetheless, an opportunity to regulate expression of mutant hDISC1 is an advantage of the model, facilitating study of the timing of the effects of mutant hDISC1 on brain and behavior development.
Mutant hDISC1 did not produce gross defects in development of mouse brain and behavior. However, expression of mutant hDISC1 was associated with mild enlargement of the lateral ventricles in mice without a marked change of the overall size of the brain. These changes may be due to alterations in the elaboration or complexity of dendrite arborization. Consistently, primary cortical neurons derived from mutant DISC1 mouse embryos at ED16 produced significantly less complex and elaborated neurite arbor compared to primary neurons of control embryos. The neuronal effects of mutant hDISC1 are similar to some neuropathological features of schizophrenia, including increased volumes of the ventricles and reduced length of dendrites in cortex and hippocampus. 35, 36, 54 The present neuronal effects are also in agreement with previous in vitro experiments Figure 7 The behavioral effects of mutant hDISC1. (a) Expression of mutant hDISC1 produced significant spontaneous hyperactivity in male but not female mice. Spontaneous horizontal activity was measured over the 22-h period. The intervals 1-6, the dark cycle time; the intervals 7-11,the light cycle time. Note increased locomotor activity in the male double transgenic animals (line 70) compared to their male control mice. (b) The left panel, decreased social non-aggressive activity in male mutant hDISC1 transgenic mice as measured in the dyadic male-male interaction test. Note a significant decrease in the total time of social interaction and in the time spent sniffing or following the partner in mutant transgenic mice (total n = 15, including n = 7, line 70 and n = 8, line 1001) compared to their littermate tTA controls (n = 12). The right panelsignificantly increased aggressiveness in male mutant hDISC1 transgenic mice. Note a significant increase in the number of attacks, bites or tail rattling in mutant vs tTA littermate control mice. *P < 0.05 vs control mice. (c) The left panel, no significant effects of mutant hDISC1 on learning of the hidden-platform location in female mutant hDISC1 transgenic mice in Morris water maze test. The right panel, deficient spatial memory of the hidden platform during the probe trial in female mutant hDISC1 transgenic mice. Note that control female mice spent a significantly more time in the target quadrant area compared to mutant hDISC1 female mice. *P < 0.05 vs control mice, n = 8 animals in each group (line 70). No significant effects of mutant hDISC1 on spatial learning and memory were found in male mice (data not shown).
and support the hypothesis that DISC1 may be involved in the mechanisms of neuronal maturation and differentiation in vivo. 39, 55, 56 We generated the new transgenic model to evaluate the neurobehavioral effects of mutant hDISC1 protein that has been hypothesized to be a protein product of the translocation present in the Scottish pedigree. 9, 39, 57 Our mouse model provides an important observation that expression of mutant hDISC1 produced a significant decrease in the protein levels of endogenous mouse DISC1. Given the present data that mutant hDISC1 binds to wild-type mouse DISC1, our findings appear consistent with dominant-negative mechanisms put forward by previous in vitro investigations. 34, 57 The experiments showed a significant decrease in the protein levels of LIS1, an interacting protein that forms a molecular complex with DISC1 and NUDEL and is involved in neuronal development. 24, 26, 28 The decrease in LIS1 expression in our mouse model is similar to a recent observation in our PC12 cell stable model of inducible expression, 57 indicating that the similar mechanisms of mutant hDISC1 action may occur in cell and mouse models. Another intriguing aspect of decreased levels of LIS1 in transgenic mice is its similarity to the reduced expression of LIS1 in the brain tissue from patients with schizophrenia. 58 Whether changes in LIS1 levels result from alterations in expression of endogenous DISC1 or are due to the direct effects of mutant hDISC1 will be clarified in future experiments.
The decrease in expression of SNAP-25 is consistent with attenuated neurite outgrowth in primary cultures and corresponds to human postmortem data that has indicated lower levels of synaptic proteins in patients. 52, 53, 59, 60 The alterations in the protein levels of DISC1, LIS1 or SNAP-25 were found in 7-day-old mouse pups and were no longer present in older mice. This developmental pattern is in accordance with the available data that early and transient disruptions in the developmental programs during brain development can produce a behavioral disease that manifests in adulthood. 6, 61 Inducible expression of mutant hDISC1 in forebrain region resulted in a number of behaviors that have been associated with schizophrenia. 1, 2, 62 Intriguingly, the behavioral effects of mutant hDISC1 were sex dependent. While mutant DISC1 transgenic male mice demonstrated increased spontaneous locomotor activity and altered social behaviors, mutant hDISC1 transgenic female mice exhibited impairment in spatial reference memory. Increased motor activity in male transgenic mice is an important feature of current pharmacological models of schizophrenia since hyperlocomotion has been correlated with the positive symptoms of schizophrenia. 63, 64 Abnormal social interaction, that is, decreased non-aggressive social activity, may be correlated with negative symptoms of the disease. 1, 2 Our results indicate that mutant expression of mutant hDISC1 led to impaired spatial spatial memory (the probe trial) without significantly affecting the performance of the mice during the training session. Notably, it was shown that the probe trial reflects spatial learning better than measure of escape latencies during training. 65 It remains unclear why only transgenic female mice exhibited such a selective deficit in the cognitive domain. Clinical investigations have indicated significant gender differences in schizophrenia: in age at onset, premorbid personality, subtypes of schizophrenia, psychosocial function, and responses to therapy. 4, 66, 67 Given the role of estrogen in development and functioning of the hippocampus, 68 evaluating the effects of mutant hDISC1 on estrogen levels and estrogen receptor expression in the hippocampus, the brain region with the strong expression of mutant hDISC1, may prove promising for future studies.
In summary, our study presents the first mouse model of inducible expression of mutant hDISC1 in forebrain areas. We show that expression of mutant hDISC1 did not produce gross neurodevelopmental abnormalities but led to mild enlargement of the lateral ventricles and attenuation of neurite outgrowth in primary neurons. These morphological changes were associated with decreased protein levels of endogenous mouse DISC1, LIS1 and SNAP-25. Compared to their sex-matched littermate controls, mutant male mice exhibited spontaneous hyperactivity in the open field and alterations in social interaction, whereas transgenic female mice demonstrated deficient reference spatial memory. The present study suggests that our mouse model of inducible expression of mutant hDISC1 can be a valuable in vivo system for future studies of the pathogenesis of schizophrenia.
